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AB.STRACT 
Electroplated cadmium is currently used as· an effect -
ive hydrogen diffusion barrier on ferrous based alloys . 
Many of these alloys are susceptafile to hydrogen embrittle-
ment, and cadmium electroplating has been shown to Be a 
very ef£iciene method of reducing hydrogen induced fail-
ures. However, industrial cadmium plating wastes are toxic 
and expensive to process for proper disposal. Current 
government regulations regarding this waste disposal have 
encouraged commercial platers away from cadmium as an 
amphoteric coating . Zinc is frequently used and aluminum 
looks encouraging as an alternative to cadmium electro-
plates. In order to accurately assess the effectiveness 
of these alternative coatings to cadmium, it is first 
necessary to quantatively determine the permeation rate of 
hydrogen through cadmium electropl~ted coatings. 
Hydrogen permeation experiments can be done in an 
electrochemical cell with electrolytically generated hydro-
gen using a technique known as the electrochemical hydro--
gen permeation method. Previous work at th_e University of 
Rhode Island, using this method, has determined the nec-
essity for a controlled sample preparation technique in 
order to get reproducibility of data. It has also been 
determined that it is necessary to coat the inlet and exit 
surfaces of the sample membrane with an inert coating to 
ii 
prevent reaction of the test sample material or coating 
with either th.e inlet or exit electrolyte . Also , this 
inert coating must not be the rate determining step for the 
hydrogen permeation rate. In this project, an electro-
plating bath and technique was developed that would provide 
a thin flash of palladium over the inlet and exit surfaces 
of the sample membrane. Electron microscopy was used to 
check the integrity of these inert coatings. 
The base metal chosen for this project was a high 
purity "Ferrovac E" iron. The first phase of the tests was 
to replicate earlier experiments on a pure palladium-iron-
palladium membrane in order to confirm the proper function ·-
ing of the experimental technique . 
After this, it was necessary to determine the rate 
controlling step of the sample membrane with a cadmium 
electroplate just inside the palladium coating on the inlet 
side of the membrane. Cadmium should be rate controlling , 
and this is determined by varying the thickness of the iron 
substrate and observing the variations in steady state 
permeation rates . 
Finally, the effects of various thicknesses of cadmium 
electroplated coatings was determined hy observing the 
changes in steady state permeation rates . 
The results of tests with samples without cadmium 
coating closely resembled those of earlier researchers at 
University of Rhode Island , which confirme d the proper 
iii 
function of the equipment . The tests per.for.med wi.th a 
constant cadmium plating thickness and various i ron suB. ·-
strate thicknesses showed a relatively small difterence in 
steady state permeation rate, which proved the cadmium 
layer to be the rate controlling step. The tests with 
various thicknesses of cadmium on a constant iron substrate 
thickness proved again that the cadmium was rate control~ 
ling. 
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CHAPTER 1 
INTRODUCTION 
A. Statement 0£ the Problem 
The detrimental e£fects of hydrogen on metals was 
first documented by Deville and T'roost in 1853 (1). Since 
that time much research and several conferences have been 
specially devoted to hydrogen in metals (2-5). In 1941 , 
Zapffe and Sims (6) referenced 104 papers on this subject 
and documented then the debates over proposed mechanisms of 
failure, many of which now have been discarded. To illus-
trate the mechanical effects of hydrogen embrittlement , 
Figure 1 represents the nature 0£ a metals response to 
hydrogen and shows the delayed fracture typical for a 
hydrogen induced failure. 
Several proposed mechanisms of hydrogen embrittle-
ment over the years have been updated to more inclusive 
theories (7). Loutham and McNitt (8) presented a compre-
hensive review of modern mechanisms. and Latanison. et . al. 
(9) assigned the labels to the sunnnaries presented below. 
Pressure Model. This mechanism was originally pro-
posed by Zapffe (_10) in 1941 and subsequent l y modified by 
others from 1954 to 1974. The pressure developed b.y the 
conversion of atomic hydrogen to molecular hydrogen at 
internal defects lowers the external stress required for 
fracture . 
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FIGURE 1. THE CHARACTERISTIC DIAGRAM OF LOAD VERSUS TIME FOR HYDROGEN INDUCED 
FAILURE 
Decohesion. This was originally propos·ed b.y Troiano 
(11) in 1960 and modified by Oriani (J22 tn 1972. Tfte 
mechanism entails a reduction in the cohesive strerigtft o;f 
the lattice due to interaction with dissolved hydrogen. 
Absorption. This was first proposed by Petch (13) in 
1956 and then modified by others in 1970 to 1975. The ab-
sorption of hydrogen on a metal surface reduces the sur·-
face energy thus lowering the stress require.d for frac-
ture. 
f!ydrogen-stimulated plastic deformation . Beachem (14) 
in 1972 presented this mechanism, which supposes that the 
lattice is locally enhanced to be plastic due to absorbed 
hydrogen generating an increase in dislocation mobility. 
Hydrogen-rich phase. This was presented by Westlake 
(15) in 1969. This mechanism assumes the presence of a 
hydride layer with different mechanical properties than 
that of the matrix. 
Hydrogen-dislocation interactions. These were first 
presented by Bastien and Azou (16) in 1951 and subsequently 
discussed by others in 1968 and 1972. Hydrogen is assumed 
to react with dislocations to restrict dislocation mobility 
or to generate local high accumulations of hydrogen which 
both embrittle the lattice. 
From these models it is evident that an all inclusive 
mechanism that is compatible with the observed phenomenon 
has yet to be developed and generally accepted. Regardless 
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of the lack of a comprehensive mechanism of hydrogen em-
brittlement, the deleterious effects of hydrogen in steel 
are well documented. 
There are many sources of hydrogen to cause subsequent 
embrittlement. 
Hydrogen containment vessels provide the most direct 
source of hydrogen in metals. Hydrogen is exposed to 
metallic surfaces in molecular form in ooth high pressure 
and high temperature vessels . 
The most potent source of hydrogen in metals is from 
an electrolytic reaction which cathodically deposits atomic 
hydrogen on the metallic surface. The fugacity (virtual 
pressure or concentration) of hydrogen in iron is 105 to 
108 atmospheres (17). 
Electrolytic reactions include the galvanic corrosion 
of iron in seawater and the corrosion reaction of steel in 
a hydrogen sulfide solution conunon in the petroleum indus-
try. The reduction reaction in cathodic protection can 
lead to the evolution of hydrogen on the protected elect-
rode. 
Electroplating and chemical cleaning are also potent 
sources of hydrogen on a metal surface. In electroplating , 
large quantities of hydrogen can be co-deposited with the 
plated metal on the surface of the plated piece. A signi·-
ficant amount of hydrogen can diffuse i:nto the piece Being 
plated and can be trapped inside oy the electroplated 
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coating. 
One way to solve the problem of hydrogen erriori:.ttlerrient 
is to cover the susceptable metallic surface with a coating 
that is impenitible to hydrogen. Effective barrier coat-
ings for preventing the entry of hydrogen into a metal 
consist of coatings capable of surviving the service en-
vironment and that have a low permeability to hydrogen. 
There are three common types of barrier coatings : painted, 
metallic and ceramic. 
Thick painted epoxy resin coatings were studied and 
shown to be comparable to a chromium coated steel plate 
for effectively reducing the susceptibility to hydrogen 
embrittlement (18). 
Metallic coatings may be divided into three types: 
electroplated, hot dipped, and vapor deposited. 
Electroplated coatings are either noble or sacrifi-
cial. Electroplated Pt, Cu and Ni have been shown to 
significantly reduce the permeation ·rate of electrolyti-
cally charged hydrogen on iron membranes (19). Nickel has 
been shown to have a diffusivity approximately four orders 
of magnitude less than that of iron and, therefore, serves 
as an excellent diffusion barrier (20). Electrodeposited 
chromium, gold, and lead have also been shown to apprec-
iably reduce the rate of embrittlement of steel plates 
(18). 
Sacrifical metal coatings include zinc, cadmium, 
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aluminum, and magnesium. Conflicting data ex.ists in the 
literature regarding the effectiveness of these coatings 
toward increasing or reducing the susceptability of delayed 
failure due to hydrogen embrittlement (21). Much of this 
is due to the co-deposition of hydrogen in the plating 
process. Post plating bakeout procedures (22) should re ·-
move the bulk of entrained hydrogen to tolerable concen·-
trations. 
Hot dipped coatings include zinc and zinc aluminum 
alloys. These coatings have been found to cause hydrogen 
embrittlement by one investigator (23) and have been de ·-
termined as an effective diffusion barrier by another (18). 
Attempting to justify the difference .• Townsend (23) sus ·-
pects that the thermal treatment employed to remove resi-
dual hydrogen after hot dip application may mobilize 
trapped hydrogen to embrittle the lattice while the hot 
dip coating prevents any hydrogen from escaping. 
Vapor deposited coatings are commercially used, but 
they do not produce a strong mechanical bond on the base 
substrate (24) required for the electrochemical technique. 
Zinc, cadmium, aluminum and magesium may he vapor depos-
ited on steel membranes and have been shown to be effect-
ti ve in reducing the susceptibility to hydrogen embrittle-
ment (18) . 
Oxide coatings have shown a favorable potential for 
reducing hydrogen embrittlement for the past two decades. 
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Tardif and Marquis (18) determined in 19.62 that coppex 
oxide coated over a steel plate had only a slight reduction 
in fracture strengths when exposed to a hydrogen atmos-
phere and involved no measurable hydrogen on the exit side 
of the membranes. Huffine and Williams (25) confirmed the 
inverse thickness dependence on permeation rate at high 
temperatures for a variety of high strength metals with 
various oxide coatings. In all cases the oxidized metals 
ghowed a marked reduction in permeation rate at low temper-
atures compared to the clean metal, but the difference be -
came less evident as the temperature was increased. The 
oxides resulted in approximately an order of magnitude 
reduction in permeation at high temperatures which the 
authors attributed to the lower diffusion rates through 
the oxide layers. In 1975, Perkins (26) presented a numer-
ical analysis of oxide layer permeation of hydrogen which 
closely correlated with tested data. The model predicts a 
slightly non-linear dependence of permeation on log 
pressure. Sherlock and Shreir (2 7) delved into the side 
effects of hydrogen entry during phosphate plating and 
determined the dependence on pH, temperature and oxidants 
(28). The hydrogen permeation rate was found to have a 
linearly decreasing value with increasing pli. 
Of these types of coating , metallic coatings axe the 
most widely used, and of the metallic coatings ~ electro-
plated cadmium is frequently the coatings of choice b.y 
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designers and specification writers 0£ high st:r:ength_ 
fasteners (_29). However, cadmium is recently receiving 
much discussion and attention , Because ot its toxicity in 
handling (25) and added expense in processing of the 
electroplating wastes (29). Current government regula·-
tions (30) regarding electroplating waste disposal have 
provided motivation to electroplaters and researchers to 
reevaluate cadmium as an amphoteric coating and to consider 
alternatives to cadmium. The following are the advantages 
and disadvantages of cadmium and its properties . 
The advantages of electroplated cadmium are that 
cadmium has historically been used as a protective coating 
on high strength fasteners and other structural parts (31) 
and produces a uniform, adherent coating. An alternate 
method is vacuum deposition which requires the use of 
large chambers, has difficulties coating recessed areas, 
and has poor adhesion characteristics (31}. The electro-
plated cadmium from a cyanide bath is a cost efficient 
technique that has been used for many years (J9). 
Cadmium is an anodic coating to ferrous substrates in 
aqueous environments (32). It serves as a sacrificial 
coating in the presence of holidays. 
The wear resistant properties of cadmium are superior 
to alternative coatings (29). The ability to maintain 
close dimensional tolerances of the coating make cadmium 
the preferred galvanically active coating for many uses. 
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The disadvantages of electroplated cadmium are prim-
arily toxicity in handling and its susceptability to induce 
hydrogen generated failures. 
It is connnon knowledge in the cadmium plating industry 
that hydrogen is generated and contained in cadmium plated 
parts (23, 31, 33, 34). This is attributed to plating in-
efficiencies which co-deposit hydrogen on the plating sur-
face (21). It has also been extensively studied to opti-
mize plating baths to maximize their efficiencies. 
Commercial practice specifies depositing a thin or 
porous coat of cadmium followed by a thermal Bake out pro-
cedure, typically this is 3750 F for 8 hours or so (33}. 
There are mixed opinions regarding the risk involved in 
cadmium plating high strength steel parts . While some have 
determined the process to be safe when properly followed by 
a bake out procedure (33, 35), others have observed a de-
gradation in ductility of 4340 steel vacuum coated with a 
cadmium layer (34). This degradation was attributed to 
intergranular slow growth cracking which was postulated to 
be caused by the existence of a brittle sublayer under the 
cadmium/ s_teel i nterface in the absence of any hydrogen 
source . 
Wanhill and deRijk (_33) empirically determined that 
bright cadmium plated steel samples with a bake out post 
treatment are not susceptible to delayed failure . Others 
have found the hydrogen permeation rate to decrease by two 
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orders of magnitude due to the application oJ; the coating 
of cadmium (29}. 
The plating industry has recognized th_e s-eye'.tfity of 
the disposal problem associated with electroplating wastes 
(34). Standard operating procedures of the past were to 
dispose the wastes in open pit or buried land fills and 
consider the problem solved. Cadmium as a trace metal in 
ht.llilan consumption can lead to long term chronic disorders 
(36). Recent incidences around the country have shown 
that these wastes have filtered into underground water 
sources and have been suspect for the high rates of ner-
vous system and intestinal disorders observed in the near-
by localities (_30, 37). These problems with cadmium have 
led to the consideration of alternatives to cadmium and 
the analysis of these alternatives. 
There are various methods of determining the effect·-
i veness of hydrogen barrier coatings. These variations in 
testing technique include the monitoring of total volume 
of hydrogen due to pressure differences in an evacuation 
chamber, (38) the monitoring of changes in physical prop-
erties due to the presence or absence of the coating in a 
hydrogen atmosphere (39) and the use of the electrochemical 
hydrogen permeation technique (40). Of tnese methods, the 
electrochemical permeation technique has been extensively 
used at various laboratories and has the most potential for 
the monitoring of low level changes in hydrogen evolution 
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fluxes (41). 
B. Prior Work on Project 
The electrochemical hydrogen permeation technique used 
in this study was first developed in 1962 by Devanathan and 
Stachurski (42). It has been subsequently modified by 
others and has been extensively employed by many research-
ers (20, 41, 43). The technique entails potentiostati-
cally monitoring the ionization current required to main-
tain the exit surf aces potential of a sample membrane to a 
preset electrochemical potential. When a hydrogen atom is 
exposed to the exit surface of the membrane, it is re-
duced to an ion due to that preset membrane potential. 
The hydrogen ion gains an electron, which alters the 
potential of the membrane. The potentiostat supplies 
enough current to the membrane to maintain the sample mem-
brane at the preset potential. 
A microarnmeter monitors the potentiostatic current 
supplied to the membrane, and Farraday 1 s Law h.olds for 
converting the current flux to moles of hydrogen . 
The system has its advantages and disadvantages. It 
is relatively inexpensive and simple to operate. Compared 
to other existing permeation techniques, it is extremely 
accurate at low flux levels. 
The most notable disadvantages are a. sensitivity to 
temperature near room temperature (41} and the difficulty 
11 
in generating low hydrogen fluxes through the current 
charging circuit. Also, typical cell geometry designs in-
clude an o-ring seal between the sample membrane and the 
cell compartment. This o-ring presents a trap that pre·-
vents gas bubbles from escaping from the metal surface , 
thereby effectively reducing the wetted surface area. 
The primary disadvantages of the electrochemical 
technique; namely the scatter of data between· laboratories 
and the lack of reproducability within one laboratory have 
led to the development of an improved technique. 
Table 1 summarizes some data on permeation rates 
through iron at room temperature. The high variation in 
permeation rates makes it difficult to accurately compare 
data. Past work at University of Rhode Island has been 
devoted to developing an improved technique (41) address-
ing specific problem areas. These include s·ample prepara-
tion, surface entry coatings, cell designs and temperature. 
effects. 
Variations in sample preparation techniques can lead 
to large variations in effective surface area at the inlet 
surface (43). Table II represents the schedule developed 
by University of Rhode ls land researchers for preparing 
samples for repetitive performance. 
Prior experience on iron has led to the use of palla~ 
dium on the inlet and exit surfaces in order to prevent 
surface reactions i .n the electrolyte from altering the 
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inlet flux or exit potential. 
Pourbaix stability diagrams of iron in aqueous solu-
tions, see Figure 2, indicate the wide ranges of oxide 
stability, and therefore, the necessity of providing a 
clean surface for hydrogen entry. 
The Pourbaix diagram of palladium, Figure 3, indicates 
the range of thermodynamic stability of palladium. Palla-
dium is, therefore, used to provide a clean entrance and 
exit surface for hydrogen permeation studies through iron. 
Past studies (_41, 43, 44) have shown the effects of 
temperature on the permeation rates of hydrogen through 
iron near room temperature and have determined the nec-
essity of accurately controlling a constant temperature. 
These modifications to the existing methodologies 
provide an improved electrochemical technique capable of 
producing accurate repeatable data . 
The existing body of data comparing the effective-
ness of cadmium as a hydrogen barrier on iron or steel is 
limited and difficult to compare due to the diversity of 
testing techniques (38, 39, 40). Davis and Gray have 
measured a hydrogen permeation rate of cadmium to be below 
the limits of their measurement technique, or as they say, 
nonexistant (38). Fischer and Jankowski (40) used the 
electrochemical technique to measure the effects of paint 
removers on cadmium coated parts by measuring the amount 
of hydrogen generated and permeated through an iron sample; 
13 
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TABLE 1: HYDROGEN PERMEATION RATE SUMMARY THROUGH IRON 
AlrrHOR(S) 
Kumnick, Johnson 
Ansel, Miller, Hudson 
Namboodhiri, Nanis 
Dillard 
Kumnick 
Namboodhiri, Nanis 
Beck, Bockris, Gensha, 
Subramanyan 
Wach 
Wach, Miodownick 
Gileadi 
Wach, Miodownick, 
Mackowiak 
Shrier, Radhakrishnan 
Bockris, Gileadi 
Beck, Bockris, McBreen, 
Nanis 
Bockris, Devanathan 
Devanthan, Stachurski 
YEAR 
1974 
1973 
1972 
1972 
1972 
1970 
1970 
1970 
1969 
1966 
1966 
1966 
1966 
1965 
1962 
1962 
MATERIAL 
Armco Iron 
Armic Iron 
Armco Iron 
Zone Re!ined Iron 
Armco Iron 
Armco Iron 
(Cold Rolled) 
Armco Iron 
Pure Iron 
Pure Iron 
High Purity Iron 
High Purity Iron 
Pure Iron 
Armco Iron 
Armco Iron 
Armco Iron 
(Single Crystal} 
Zone Refined Iron 
Armco Iron 
Armco Iron 
APPARENT DIFFUSIVITY 
. 2 -5 (cm /sec x 10 · ) 
1. 3 
6.2 
3.86- 17.20 
7 . 0-7.8 
1.1-1.5 
0 . 5 
5 . 0 
0.135-4 . 1 
4.0-11.0 
2 . 5 
2.5 
1. 4 
4 . 0 
6.02 
8.25 
6.05 
8 . 3 
3 . 5- 8 . 9 
1. 
2. 
3. 
4. 
s. 
6. 
TABLE II: SAMPLE PREPARATION TECHNIQUE 
Sample received from machine shop, measured and 
labeled. 
400 grit silicon carbide wet polish and rinse. 
600 grit silicon carbide wet polish and rinse. 
6/{ diamond grit rough polish and rinse. 
l/'f aluminum oxide polish and rinse 
Optical microscope inspection of surf ace integrity. 
7. .OS~ aluminum oxide polish and rinse 
8. Ultrasonic cleanse for 30 minutes. 
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they only indirectly measured permeation rates . Serate 
systematically measured the detrimental mechanical effects 
of various thicknesses of cadmium coated parts when ex -
posed to hydrogen atmospheres (39). 
From this information it is clear that wide varia-
tions in testing techniques and results have been observed 
and there exists a need to accurately determine the effects 
of cadmium coatings on ferrous substrates . 
Anodic metal alternatives to cadmium consist of zinc , 
aluminum and magnesium. Zinc has a similar problem to 
cadmium when plated from a cyanide bath as it will co-
deposit significant quantities of hydrogen (21). However , 
zinc can be successfully plated from a high efficiency 
acid bath (45) with a reduced level of co-deposited hydro-
gen. 
Aluminum can be vapor deposited on a metal part (45). 
Aluminum also has potential for coating from an electro-
plated bath on certain metals ( 46) . ·The vapor deposition 
and the electroplating aluminum coatings both are free 
from co-deposition of hydrogen (_45 . 46) however . both 
aluminum and zinc create stronger gal vanic couples when 
coupled with steel as compared to cadmium . This potenti a l 
difference could result in an increased production of 
hydrogen at voids due to the galvani c coupl i ng . 
Because of its . greater rest potential difference . from 
steel, and its greater reactivity, magnesium poses even a 
18 
greater threat to the production of hydrogen duri.ng ser-
vice corrosion than does cadm:lum. It i.s not a likely 
alternative to cadmium. 
c. Purpose 
The purpose of this thesis is to quantify the effect-
iveness of electrodeposited cadmium for restricting the 
entry of hydrogen in a metal by using the electrochemical 
hydrogen permeation technique to monitor the hydrogen per-
meation rate through a metallic membrane without and with 
various thicknesses of a cadmium coating. 
The project is divided into two major parts. The 
first part is to develop a methodology to plate the ex-
posure samples and then successfully generate hydrogen 
evolution flux transients on the samples. This will pro-
vide the technique and samples to do the second part of the 
project. 
The experimental effort, second part of the project, 
is broken into three parts. The first part is to deter-
mine the effects of the iron substrate on the hydrogen 
permeation rate. This will be the base line for compari-
sons with cadmium coatings, and will also verify the re-
peatability with previous U.R.I. experiments. 
The second part is to determine the eftects of var-
ious iron substrate thicknesses with a constant cadmium 
coating layer on the inlet side. 
19 
The third part is to vary the thickness of the cadmium 
coating and determine the effects of this variation on the 
permeation rates at constant inlet charges . 
20 
CHAPTER 2 
EXPERD1ENTAL 
A. Plating Development 
This chapter details the development of the methodo-
logy, techniques and equipment, sleeted for the use in 
this project. A base substrate was chosen as the founda-
tion on which various thicknesses of cadmium were depos-
ited on one side. Both sides of the sample were then 
coated with palladium as shown in Figure 4. The samples 
were then placed in the hydrogen permeation exposure 
apparatus for the various tests. 
Early in the course of this project , it was decided to 
use an existing commercially prepared cyanide cadmium 
electroplating bath instead of preparing a new bath . This 
was done in order to attempt to replicate an industrial 
electroplating process. 
This approach presented many unforeseen difficulties 
as the commercial baths obtained had been extensively used 
and required refinement and purification in order to achieve 
the quality of electroplate desired. The technique devel-
oped entailed a chemical analysis of the bath followed by 
organic and inorganic impurities removal . final refinement 
consisted of brightness and efficiency control with the 
Hull cell, which is described in detail later in this 
chapter. 
21 
Palladium 
Hydrogen 
Entry Surface 
Ferrovac-E 
Iron 
Palladium 
Hydrogen 
Exit Surface 
lOOOA-<>j~ O.OScm--..J r-1000A 
Variable Thickness 
FIGURE 4. TYPICAL SAMPLE MEMBRANE 
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There were two types of electroplating solutions us.ed 
successfully in this project and two solutions- tftat were 
unsuccessful in their plating adherance. The acceptable 
solutions were a standard cadmium cyanide hath and a new 
high speed palladium bath. Table III and Appendix II 
respectively list the composition of these two solutions . 
Attempts to use a cyanide and acid zinc bath were un-
successful as were the efforts by a connnercial plater (46), 
to plate iron samples with aluminum. 
Each electroplating bath used. in this project was 
tested experimentally and analytically to optimize the 
performance of the bath to achieve the desired electro-
plate. A Hull cell (Appendix III) is used to do the ex-
perimental testing. Specifically, it is used to determine 
the condition of the bath, the brightest current-density 
plating range, and the effects of additions to the bath. 
The Hull cell consists of a small electroplating 
tank, an anode, a test panel cathode and the electrolytic 
bath. It is used to produce a wide range of cathodic 
current density depositions on the test panel. The tank is 
constructed with a square section adjacent to a triangular 
section, see Figure 5, of the tank. A large surface area 
anode is located at the square section end and the test 
panel is adjacent to the sloping side of the triangular 
end. The edge of the test panel nearest the anode re-
ceives the greatest current density deposits . The f urthest 
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TABLE III: CADMIUM BATH COMPOSITION 
Component CdO Cd NaCN NaOH NaCo 3 Brightener* 
Oz/Gal 0 3 17.7 1.5 8.6 1. 28 
*Brightener used is Enthone, Inc.'s "Enthobrite CTD 904" 
See Appendix V for data sheet 
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end receives the least amount of deposition with a uniform 
scan in between. Comparison with calibration charts can 
aive rough estimates of the current densitites of specific 
t;) 
sections on the rest panel, but exact determination can 
only be found by plating at a constant current density on 
a test strip and comparing the results of the strip to the 
area in question on the test panel. 
Chemical analysis of the cyanide cadmium bath was per-
formed to determine the percentage of sodium cyanide , free 
cadmium, sodium hydroxide, and sodium carbonate. The amount 
of each of the components in question was determined using 
standard analytical chemical titrating techniques, Appendix 
IV, then additions were made to the bath and rechecked 
until the bath was .within the specifications for cadmium 
electroplating described in the Metal Finishing Handbook as 
listed in Table III. 
Organic impurity removal was done by mixing in 4 ml/l 
of 30% hydrogen peroxide to the bath and agitating over-
night at room temperature. This process would oxidize any 
organic impurity to a solid precipitate. This precipi-
tate, along with any other suspended particulate matter, 
was filtered out through an activated carbon filter , 
Metallic impurities were removed by electrolysis of 
the bath at low current densities, 0.9 ma/cm2 (5 ASFl, for 
10-12 hours. 
The brightness of the electroplate was controlled by 
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using the Hull cell and small additions of commercially 
prepared brightness solutions, see Appendix V, to deter-
mine the optimum amount of the addition agent requried for 
the bath. The Hull cell was used to determine the optimum 
current density to plate the hydrogen permeation exposure 
samples. 
B. Hydrogen Permeation System 
The hydrogen permeation process system consists of the 
combined use of the sample preparation techniques, the 
plating procedures to produce a sample membrane and the 
use of the electrochemical cell . 
Ferrovac "E", a double vacuum arc remelted high 
purity magnetic purpose iron , was used as the base sub·-
strate in the sample membrane. Table IV presents the 
chemical composition of the metal used. The as ·-rolled bar 
stock was cut along the longitudinal grain axis and 1I1ach-
ined into 2.54 cm square plates of various thicknesses 
(see Figure 4) . Ferrovac "E" was chosen as the substrate 
because of its high purity and ex.pected reproductibility 
between replicate samples. 
The samples. as received £rom the machine shop , were 
surface ground to an approximate surface roughness of 120 
rit paper. They were then rough polished on silicon car-
bide water lubricated discs of 350 and grit grid successive-
ly, followed by a 6 micron diamond wheel medium polish. 
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TABLE IV: FERROVAC "E" COMPOSITION* 
Element Weight % 
Aluminum 0.01 
Carbon 0.005 
Chromium 0.001 
Cobalt 0.002 
Copper 0.002 
Managanese 0.001 
Molybdenum 0.005 
Nickel 0.007 
Phosphorus 0.003 
Silicon 0.006 
Sulphur 0.005 
Tin 0.004 
Tungsten 0.01 
Vanadium 0.004 
Oxygen 0.0078 
Iron Balance 
Analysis supplied by Colt Industries, Crucible, Inc., 
Speciality Metals Division, Pittsburgh, PA. 
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The final polish was a 0.05 micron aluminum oxide polish on 
a nylon polishing disc . The final polish was checked with 
a light microscope to insure a uniform scratch pattern .. 
Grease removal entailed emersion of the samples in a 
connnercially prepared solution (47) in an ultrasonic tank 
for 1/2 hour. This was followed by a distilled water rinse, 
then acetone rinse, and air drying before placing in a 
desiccant-filled container for storage. 
Prior to plating, the samples were masked (see 
Appendix VI), and then were chemically treated for oxide 
removal and for surface activation to acquire a more uni-
form appearing plate. This entailed dipping the samples in 
acetone, methanol and a 30% solution of hydrochloric acid 
each followed by a distilled water rinse then air drying 
after the last rinse. Table V summarizes the sequence of 
steps performed for sample degreasing, oxide removal, and 
surface activation. The sample was immediately placed in 
the electroplating bath. 
The plating system developed consisted of a University 
of Rhode Island constructed potentiostatically controlled 
constant current power supply in series with an automatic 
timer. With this system it was possible to coulo:mbmetri-
cally calculate and set the desired plate thickness. The 
plating bath was held at a constant temperature on a hot 
plate and agitated with a magnetic stirrer. Figure 6 
shows the plating system used. 
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Early efforts with palladium plating on cadmium were 
unsatisfactory and led to the use of the high speed palla·-
dium bath shown in Appendix II . Because of the high react·-
ivity of the pure iron in the acid bath, it was necessary 
to flash on a thin film of palladium to seal the iron from 
the palladium electrolyte. In order to produce this thin 
flash, the samples were electrically connected to the 
power supply and dipped into the palladium bath, with the 
power on, for approximately one second of plating at 9.0 
ma/cm2 (SO ASF). This process was followed by a 30 second 
plate at 0.9 ma/cm2 (5 ASF) in order to deposit 1000 A of 
palladium on the iron. Appendix VIII shows the calcula·-
tions used to determine the plating current and time for 
the various plates. 
The Hull cell was employed to determine a bright and 
efficient current density range to plate the palladium on 
the different metals. Table X summarizes the schedule used 
of palladium over iron and the schedu1e of palladium over 
cadmium. 
Many attempts were made to plate palladium on zinc; 
none were successful. A cyanide zinc and a non-cyanide 
acid zinc plate were tried as the base along with various 
types of surface activation. Three types of palladium were 
tried, but, again, none were successful. 
The surface integrity of the various electroplate~ 
Was checked using a scanning electron microscope in the 
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TABLE V: SAMPLE CLEANING AND PLATING SCHEDULES 
1. Polish both sides to 0. 1 surface rougli.ness 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
Ultrasonic clean for 45 minutes 
Mask numbered side of sample 
Degrease with methanol r~nse 
Distrilled H2o rinse 
5% HCl dip for surface activation 
Distilled H2o rinse 
Plate in Pallaspeed bath 
Flash @ 347ma (187mv) for 1 sec. 
Plate @ 35ma ( 18mv) for 30 sec. 
Distilled H2o rinse 
Air dry 
Remove and discard mask 
New mask on bare side 
Degrease with methanol rinse 
Distilled H2o rinse 
30% HCl dip (surface activation) 
Distilled H2o rinse 
Let sit in cadmium bath for 2 minutes 
Plate in cadmium bath @ 25 ASF. 174ma (92mv) 
for 4 mins. 4 sec. 
Rinse in cold tap water 
Distilled H2o rinse 
lM HCl dip 
Distilled H2o rinse 
Sit in Pallaspeed bath for 30 sec. 
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24 . 
25. 
26. 
27. 
TABLE V , CONTINUED 
Plate pallaspeed on cadmium at 5ASJ1' , 35ma (18nrvJ 
for 40 sec . 
Distilled H2o rinse 
Remove and discard mask 
Acetone, Methanol, then distilled H2o rinse and 
air dry . 
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University of Rhode Island ' s Department of Chemical 
Engineering. Appendix I shows representative pictures of. 
the exposed and unexposed surfaces of palladium on iron , 
cadmium on iron and palladium on cadmium, respectively , at 
the magnifications listed. 
The elctrochemical cell consisted of a charging (inlet) 
chamber. a potentiostatic (exit) chamber and a sample mem-
brane between the two, see Figure 7. 
The hydrogen charing on the inlet surface was done via 
a direct-current constant-current power supply. The sample 
membrane was made the cathode for the hydrogen evolution 
and platinum clad niobium expanded metal strip was used as 
the anode , see Figure 7 . The sample membranes were charged 
at 0.5 milliamps. 
Nitrogen gas purging and magnetic bar stirring were 
both used to thoroughly mix and prevent oxygen from contam-
inating the electrolyte. 
A potentiostatically controlled , three electrode cell 
monitored the exit side of the sample membrane . The mem-
brane was made the working electrode and a platinum cla d 
niobium strip was used as the auxillary electrode. A 
calomel reference electrode monitored the membrane poten ·-
tial set at -250 mV relative to the calome l e lectrode via 
a Luggin probe, see Figure 8 . 
A micro annneter in series with the working electrode 
(sample) measures the current from the potentiostat. 
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c 
while a voltage converter in parallel with the ammeter 
drives a strip chart recorder for continuous pe~eation 
data monitoring. 
The electrolyte was a 0.2 N solution of sodium hydro-
xide for both the inlet and exit chambers . Each side of 
the cell had approximately 1 liter of solution in the com-
partment . 
c. Experimental Plan 
Table VI summarizes the exposure plan used in this 
project. The first task was to determine the effects of 
electroplated palladium thickness on the hydrogen diffusion 
rate through a palladium-iron-palladium composite. 
Next, the effects of various thickness of the iron 
substrate were monitored while using a constant thickness 
of cadmium and palladium electroplates. 
Finally, the effects of various cadmium electroplate 
thicknesses were determined while maintaining a constant 
iron thickness. 
Previous tests on cadmium plated samples have shown 
that blistering occurs when the cadmium plated sur~ace is 
positioned on the exit side of the sample membrane (38). 
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TABLE VI: SAMPLE EXPOSURE PLAN 
Base Cadmium· 
Group Thickness Thickness Description (mils) (1/10 mils) 
I 23 None Confirm equipment 
' performance 
25 None Baseline data for 
comparisons 
II 20 2 Determination of 
40 2 substrate thickness 
80 2 effects 
III I 22.5 2 Determination of 
23 5 Cadmium thickness 
effects 
0 
NOTE: all samples have lOOOA of Palladium on both sides 
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CHAPTER 3 
RESULTS 
A. Plating Development 
As discussed in the experimental chapter, the first 
step in the project was to replicate the results of earlier 
investigators in order to verify the equipment performance 
and technique repeatability. However, prior to these first 
tests, new electroplating solutions had to be developed. 
The resulting solution of numerous attempts with 
various other cadmium solutions is the electroplating bath 
composition listed in Table III. This solution was chosen 
as the best bath to use on the iron samples. Appendix V 
lists the operating specification for this cadmium cyanide 
solution. 
Technic, Inc. of Cranston, R.I., had recently devel-
oped and marketed a high speed palladium bath which adher-
ed acceptably to the cadmium surface. However, a high 
current density flash was required in order to get an 
acceptable coating on the bare iron surface. Appendix II 
lists the makeup of the Palladium bath and the operating 
specifications for this bath. 
B. Tests with Iron Substrate 
Following the development of plating baths and pro-
cedures, the next step was to replicate the permeation 
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experiment of Jones, using iron samples coated only with 
palladium. Figure 9 shows the results of this test with 
two replicate samples. Both the data of Figure q and 
Jones data were obtained with inlet charing currents of 
1.0 ma. 
Since all of the data using samples with a cadmium 
coating was taken at a charging rate of 0.5 ma, an uncoat-
ed, i.e. no cadmium, reference sample was run at the 0 .. 5 ma 
charging rate. Figure 10 shows data from the replicate 
samples of iron with only palladium on the inlet and exit 
surfaces. This data was the reference for comparison with 
the samples coated with cadmium. 
C. Effects of Anodic Coatings on Substrate 
Following the tests on palladium-iron-palladium 
samples, experiments were run with palladium-cadmium-iron-
palladium samples. The first group of these were run at a 
constant cadmium plate thickness and various iron substrate 
thicknesses. Table VI details the test samples used in 
that group and Figures 11 through 13 are the plots from 
these respective tests. 
After the tests at a constant cadmium plating thick-
ness, a second group of experiments was run with a constant 
iron substrate thickness and various cadmium plating 
thicknesses. Both the inlet and exit surfaces were coated 
with palladmium. Table VI also lists the substrate and 
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coating thicknesses for these tests and :Figures 14 and 1.5 
are the plotted permeation curves for these respective 
tests. 
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A. Plating Conunents 
CHAPTER 4 
DISCUSS ION 
At the beginning of the project, it was not antici -
pated that the majority of the research time and effort 
would be spent on the plating solution and technique de-
velopment and refinement. The final plating solutions and 
techniques developed for this project successfully pro-
vided a methodology to run the experiments. Further re-
finement of the solutions and a technqiues would make for 
a higher percentage of useable samples. 
Appendix I shows photos that are typical of the sur-
f ace appearance of the inlet and exit sides of the exposed 
and unexposed areas of a permeation sample. The palladium 
coating displays its surface integrity on the inlet and 
exit surface on the unexposed sample . Only minute area s 
appear on the coating and those could e·ither be voids or 
non-metalic impurities in the coating. 
The exposed surfaces , both inlet and exit, are very 
similar to the unexposed surfaces and confirm the integrity 
of the palladium layer after completion of the test. 
B. Iron Samples 
The purpose of exposing uncoated iron samples with 
only palladium protective layers was two fold. The first 
Was to confirm a proper and acceptable condition of the 
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test equipment and experimental technique. The second was 
to establish a reference point for comparisons of permea-
tion rates with coated samples. 
The absorption transient curves presented in Figure 
9 are hydrogen ionization fluxes through replicate samples 
of palladium coated iron and have a shape similar to those 
of earlier investigators. The breakthrough time is short 
but otherwise the repeatability and build shape are as 
expected. These curves are only used to confirm the 
proper functioning of the test equipment and are not used 
as the reference data. 
The data presented in Figure 10 again confirms the 
proper equipment and technique functioning; these runs are 
the reference points for comparing with the coated samples. 
These runs very closely replicate those of Jones (24) data 
of a similar substrate thickness and hydrogen charing rate. 
The ionization current fluxes in Figure 10 never 
reached a steady state after 80 hours of exposure . This 
effect was observed by others (_24} and is speculated to 
be caused by internal damage in the iron substrate. This 
effect causes the creation of progressively larger free 
paths of diffusion through the substrate and therefore 
accounts for the steadily increasing ionization fluxes . 
C. Cadmium Effects 
The first group of samples tested with a cadmium 
so 
coating were those run to determine the effects of the 
iron substrate base thickness. Figure 16 is a composite 
of all tests with a cadmium coating thickness of 0.2 mils . 
It shows a large scatter of steady state rates that do not 
appear to be dependent upon the iron substrate thickness. 
This lack of rate dependence is reasonable since the 
cadmium layer should be the rate determining step in the 
diffusion process. 
Comparison of the 0.2 and 0.5 mil cadmium plating 
thickness sample rates, Figures 14 & 15 respectively, shows 
that the cadmium is the rate determining step. Figure 17 
has the inverse thickness versus the steady state rate for 
the samples tested in the teflon cell and shows the ex-
pected inverse thickness dependence. 
Comparison of the steady state flux rates of the 
samples without and with cadmium, Figures 9 and 16 re-
spectively, show that the presence of the cadmium has 
dropped the flux rates by three orders ·of magnitude, 
therefore the cadmium is the rate controlling step . 
Hydrogen transport is a diffusion process and Figure 18 
shows the expected diffusion concentrations gradients 
through the sample thickness (48). 
From this data, comparisons now can be made with 
other coatings to determine their relative effectiveness 
of preventing hydrogen permeation through the various 
coatings. 
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CHAPTER 5 
RECOMMENDATIONS FOR FUTURE WORK 
A. Plating Sugge~tions 
It is recommended that the future researchers have the 
various coatings electroplated b y qualified outside con ~ 
tractors. The complexity and quality of composite coat ~ 
ings required for this research is higher than the average 
commercial shop is accustomed to producing, therefore dis-
cretion must be exercised in selecting the shop. 
B. Alternative Coatings 
The most likely commercial alternative to cadmium is 
a non-cyanide zinc. Aluminum has a good potential if the 
plating difficulties can be overcome. It is recommended 
that aluminum and both cyanide and non ~ cyanide zinc be 
evaluated and compared to cadmium for determining the 
relative effectiveness of the various barrier coatings. 
Table VII lists the lattice descriptions for the 
various metals used in this project and the metals under 
consideration as alternative coatings. The lattice des-
cription involved the metalic structure, its atomic 
radius, lattice parameters, and the interetched hole 
size from the (000) direction, From this table and using 
a hydrogen atom size as 0.74~ (49), it is obvious that 
hydrogen can rapidly diffuse through palladium. The iron 
55 
hole is smaller than the palladium hole yet larger than 
hydrogen atom. Cadmium has an interstitial hole size of 
Q.46A which can explain why it is such an effective hydro-
gen barrier. Of the alternate metals under considera-
tion, zinc has an interstitial hole size slightly larger 
than cadmium and should perform quite well and when a 
palladium plating process is developed. If the inter-
stitial holes size analysis is valid. 
Conversely, the aluminum and nickel interstitial 
hole sizes are substantially larger than hydrogen and 
should not prove to be effective hydrogen barriers as pure 
metals. Doping could fill the interstitial sites and 
should therefore be tested as pure and doped metals and 
alloys. 
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TABLE VII 
INTERSTITIAL HOLE SIZES FOR VARIOUS METALS 
Lattice Description Metal Pd Fe Cd Zn Al Ni 
Structure FCC BCC HCP HCP FCC FCC 
Atomic Radii (!) 1. 38 1.24 1. 49 1. 61 1. 43 1. 24 
Lattice Paramets (~) 3.89 2. 86 2.98 x 3.23 x. 4.05 3.52 
5.62 5.13 
V1 
'-J Interstitial Hole. Diameter (,.) 1.13 1. 06 0.46 0.50 1. 19 1. 04 ~ 
Hole Shape x ·+AA xx 
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Fi~ re 1. 
'INLET SI DE ~XI OSED SURFACE( lOOOX) 
.r.;XIT SIDE EXPOSED SURFJ1CE ( lOOOX) 
Typical electron microscope photographs of inlet 
and exit sides of exposed surfaces. 
6 L] 
I NLET SI DE UNEX. OSED SURF.A C .... ( lOOOX ) 
~XIT SIDE U 1EXPOSED SURF,',C:E ( 100 X ) 
F111ure 2. Typica l electron microscope photo r ap hs of i nle t 
an:5 exit side s of une~posed surf8 c s . 
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technical data 
PALLAS PEED 
PALLASPEED is an organically-brightened high speed palladium 
ath which is capable of operating over a temperature range from 
oom ambient to over 130°F. The deposits are bright, highly duc-
jle, and exceptionally tarnish-resistant. 
~EUP: 
PALLASPEED Makeup #1 
Palladium as PALLASPEED 
concentrate 
PERATING CONDITIONS: 
pH 
Temperature 
Anodes ·. 
Current Density 
Specific Gravity 
Agitation 
PLENISHMENT and MAINTENANCE: 
•· 
1 gallon 
1 pound 
10 - 60 gm. 
5.5 - 6.5 
100 gallons 
100 pounds 
1000 - 6000 gm. 
Room - 130°F. (see notes) 
Platinized. Anode-to-cathode area 
ratio should be at least 1:1 
see notes 
12° Baume' minimum 
Recommended 
The current efficiency of this bath is in the range of 70-80% 
t room temperature, and 85-95% at 120°F. At an efficiency of 90%, 
eplenish 36 ml PALLASPEED concentrate · (1.8 grams palladium metal) 
er ampere-hour. pH should be maintained at 5.5 - 6.5. pH may be 
ajtisted upwards if necessary with potassium hydroxide, or down-
ar~s with~hosphoric acid. Specific gravity may be increased by 
a~1ng monopotassium phosphate. Under ordinary conditions, the 
r1ghtening agent in this bath is self-maintaining. 
NOTES: 
At a concentration of 30 grams palladium per gallon, the work-
range of this bath is from 1 to approximately 25ASF at room 
e~perature; from 1 to approximately 40 ASF at 120°F. Deposit 
r;ghtness is greatest at the lower operating temperatures. At 
OF, the deposit will hold mirror-brightness when plated to thick-
esses exceeding one mil. Throwing power at low current densities 
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>P.LT.J\SPEED - continued 
;....---
- 2 -
ls also greatest at low temperatures. For barrel work, a tempera-
·ure of 80 - 90°F is recommended. Deposit ductility increases 
;ith ificreasing bath temperature. Knoop hardness of the deposit 
ls in the range of 200 - 220 at room temperature, and in the range 
>f 140 - 160 at 120°F. For e~gineering p~rposes, a t7mper~ture of 
lbout 120°F represents an optimum compromise of deposit brightness 
md plating speed. 
This bath when first installed. undergoes a brief period of 
•working-in" during which the bath color will change from very pale 
:o a bright yellow, and the deposits will increase in brilliance, 
>articularly at high current densities. During the working-in 
>eriod it is best not to exceed a current density of about 10 ASF 
hen the bath is being operated at 120°F. When the bath is fully 
rorked-in, a Hull cell panel plated at 1 ampere for 2 minutes at 
L20°F should be bright and haze-free to an indicated current den-
;ity of about 40 ASF. Note: The development of a dark amber or 
>rownish coloration in the bath indicates an excessive buildup of 
>rganics which tend to reduce the current efficiency. In order to 
>revent this the bath should be periodically carbon-treated or 
:arbon-f il tered. 
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Fig. 1. Hull Cell. 
A PLATING bath will operate successfully only when all sources of trouble are under proper 
control. This is an obvious fact, but the sources of 
trouble are not always obvious. Troubles may arise 
from improper chemical concentrations, drag-in of im-
purities, contamination from the atmosphere, contami-
nation from the plating racks, products of decomposi-
tion of the chemicals in the bath, impurities in the 
water, or impurities from t~ anodes and chemicals 
themselves. 
A number of foreign metals may enter the bath 
from several sources. If these metals are more electro-
negative than the metal being deposited they will cause 
trouble after they reach a critical concentration. Un-
desirable organic material may enter the bath from 
rack coatings, stop-offs, or by decomposition of addi-
tion agents. 
There is one method to test for these and other trou-
bles that produce an undesirable appearing plate. The 
way to do this is to plate a few pieces of work and 
observe the results. These tests may indicate freedom 
from trouble but upon plating at another current dens-
ity or plating an article of an entirely different shape, 
troubles may appear. Such troubles may be detected 
by plating a series of test specimens over a range of 
current densities. 
If plating at several current densities reveals a trou-
blesome plating range then it is logical to use a plating 
lest that covers the entire plating range in one opera-
tion. The Hull cell was developed specifically to pro-
vide such a test. A plate from this test covers the 
normal plating range plus a higher and lower current 
density range. It is in this extra range particularily 
that troubles may be predicted before they appear in 
the normal plating range. 
Let us take an example to show how the plating test 
reveals troubles: 
A bright nickel bath begins to develop a smoky de-
posit on production pieces. Oiemical analyses show 
that all essential chemicals, including the primary 
brightener, are within the proper limits. Sufficient 
anti-pit agent is known to be present by measurement 
of surface tension. 
A plating test is run and the same smoky deposit 
appears over part of the plating range. From previous 
ex~rience with prepared standards it is known that 
this typical test plate indicates an excessive amount 
The Hull Cell 
• • • 
By H.J. SEDUSKY and J.B. MOHLER 
RP.•earch Chemillf•. The ClevPland Graphite Bronse Co • 
• • • 
of anti-pit agent present. The surface tension measure-
ment did not locate the trouble because the surface 
tension test does not reveal an excessive amount ol 
anti-pit agent, but only establishes that a sufficient 
amount is present. 
The bath may now either be treated with activated 
carbon or electrolyzed with dummy cathodes to remove 
all or part of the surface active material. After treat-
ment and readjustment of the bath a second test may 
be run to confirm expected bright plating. 
The point to this hyopthetical case is that the best 
way to make an over-all test is by a plating test and 
Lhe best plating test to use is one that covers the entire 
plating range required in production. 
The Hull test is a universal plating range test. It 
may be used to predict results for the variation in cur-
rent density on all but the most complicated shapes. 
The variation in current density during plating is the 
greatest of any of the common variables. It does not 
change at a given point with time but it does vary 
with the shape of the article being plated. It is low 
in recesses and high on corners and edges. Tempera-
ture, voltage, chemical composition and agitation are 
not variable for the normal time used to plate one rack 
but the current density varies at almost every poinl on 
every piece. Usually, however, the current density 
~tays within the allowable plating range. 
A Hull test may he run and the results show that 
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OBSERVED PLATING RANGE 
Fig. 2. Plating range of Hull Cell. 
c ID I 
fig. 3. Typical Hull test plate of a nickel bath. 
he width of the plating range available is at an 
iptimum value. At the same time current density 
.roubles may be experienced in the bath (such as burn-
ng in high current density areas). An attempt to over-
:ome this trouble may be made by lowering the total 
:urrent used. The burning may cease but new diffi-
:ulties may now be encountered by the pieces not 
:overing in low current density areas. The plating 
:est showed that the bath was functioning at its opti· 
num range. However, experience with the bath showed 
hat the range was not wide enough for the pieces being 
?lated. The problem thP.n is one of racking and must 
i>e solved by robbing, shadowing or anode arrange· 
nenL The plating test was of specific value in that it 
mowed that attempts to change the bath anrl extend 
he plating range would be useless. 
The Hull cell may be .used to measure plating ranges 
~ut its greatest value is as an analytical and control 
instrument. As such, it may be used both to detect 
?resent troubles and avoid future difficulties. 
It is possible to control a plating bath with nothing 
111ore than a Hull cell and a hydrometer. A chromic 
acid bath is an example of a bath that may be contrnl-
led in this manner without chemical analyses. A bath 
IS complicated as the brass bath may also be control-
led to a great extent by the Hull test. For most baths 
however, it is best to run both the plating test and 
chemical analyses since the latter gives definite, de-
1irahle, quantitative information. 
The cell used in the Hull test is shown in Figure l. 
The cell is so constructed that the current density 
changes regularly for every point along the width of 
the cathode. 
Fig. '· Notebook entry af 
a Hull test plate. 
I I 
F'19. 5. Effect of total cur-
rtftt on plating range. 
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Fig. 6. Effect of addition 
agent on a nickel bath. 
The preferred cell1 holds F 
26 7 milliliters of solution. ~"'-"-' ----.--- J 
For this volume, an addi-
tion of 2 grams of solid is 
equivalent to one ounce per 
gallon. An anode is placed 
at the square end of the cell 
so as to cover the entire 
end. A 2% " x 4" cathode 
is placed at the opposite 
inclined end of the cell. 
The total current used 
depends on the type of bath 
being tested. The current 
density at any point on the 
cathode can be obtained by 
referring to the graph in 
Figure 2. 
The graph of Figure 2 
was calculated from the 
equation: 
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Fig. 7. The effect of sul-
furic acid on a chromic acid 
bath. 5 amps., buffed copper 
cathode, temp. 35-45° C. 
A = C(27.7 - 48.7 log L) 
Where A 
c 
current density 
total current 
L distance along cathode 
This equation does not hold strictly true for all 
plating baths but the variation from bath to bath is 
not large.2 In any practical case it is advisable to run 
standard plates for all of the important bath variables 
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Fig. 8. General code, illus-
trating tile common method 
of indicating appearance of 
areas on test plates. 
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Fig. 9. The effect of an 
addition agent on an acid 
silver bath. 1 amp., steel 
cathode, room temp. 
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Fig. 10. Brass. 1 amp., steel 
cathode, room temp. 
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fig . 3. Typical Hull test plate of a nickel both. 
e width of the plating range available is at an 
>timum value. At the same time current density 
oubles may be experienced in the bath (such as burn-
g in high current density areas). An attempt lo over-
ime this trouble may be made by lowering the total 
irrent used. The burning may cease but new diffi-
1]ties may now be encountered by the pieces not 
wering in low current density areas. The plating 
st showed that the bath was functioning at its opti-
um range. However, experience with the bath showed 
1at the range was not wide enough for the pieces being 
lated. The problem th1m is one of racking and must 
~ solved by robbing, shadowing or anode arrange · 
~enL The plating test was of specific value in that it 
1owed that attempts to change the bath anrl extend 
1e plating range would be useless. 
The Hull cell may be .used to measure plating ranges 
11t its greatest value is as an analytical and control 
1strument. As such, it may he used both to detect 
resent troubles and avoid future difficulties. 
It is possible to <:ontrol a plating bath with nothing 
1ore than a Hull cell and a hydrometer. A chromic 
cid bath is an example of a bath that may be contrnl-
•d in this manner without chemical analyses. A bath 
1 complicated as the brass bath may also be control· 
!cl to a great extent by the Hull test. For most baths 
~wever, it is best to run both the plating test and 
llemical analyses since the latter gives definite, de· 
irahle, quantitative information. 
The cell used in the Hull test is shown in Figure l. 
ihe cell is so constructed that the current density 
hanges regularly for every point along the width of 
me cathode. 
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Fig. 4. Notebook entry of 
a Hall test plate. 
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Fig. S. EffKt of total c11r-
't11t on plating range. 
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Fig. 6. Effect of addition 
agent on a nickel both. 
The preferred cell1 holds 
26 7 milliliters of solution. 
For this volume, an addi-
tion of 2 grams of solid is 
equivalent lo one ounce per 
gallon. An anode is placed 
at the square end of the cell 
so as to cover the entire 
end. A 21/:z" x 4" cathode 
is placed at the opposite 
inclined end of the cell. 
The total current used 
depends on the type of bath 
being tested. The current 
density at any point on the 
cathode can be obtained by 
referring to the graph in 
Figure 2. 
The graph of Figure 2 
was calculated from the 
equation: 
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Fig. 7. The effect of sul-
furic acid on a chromic acid 
both. S amps., buffed copper 
cathode, temp. 35-45 ° C. 
A = C(27.7 - 48.7 log L) 
Where A 
c 
current density 
total current 
L distance along cathode 
This equation does not hold strictly true fer all 
plating baths but the Yariation from bath to bath is 
not large.2 In any practical case it is advisable to run 
standard plates for all of the important bath variables 
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Fig. 12. Rochelle copper. 2 
amps., steel cathode, temp. 
50-60° c. 
in order to I.ume fcuniliar with the typical appear· 
ance of a plac,. Preparation of the standards . should 
aimulate as d.ely as possible production operations 
including dr.ing, pickling and striking steps in 
order to ohtainmaximum information from the plates. 
If the hath in1rjiated in actual practice, as in the case 
of the high diiiency cyanide copper hath, then mild 
agitation with• stirring rod should be used during 
the test. 
It is not~ best to run the test at the same aver-
age operatizg m.rrent density since some other total 
quantity of c:unmt may give greater sensitivity in seek-
ing infonmOuir on the effect of a definite addative. 
An example d , presently be given to illustrate tliis 
point but 6ntit· us look at a typical Hull cell plate 
in Figure 3. 
A plate • isii Figure 3 might be obtained from a 
cold nickel Wusing a brightener. The high current 
density end ofdle plate is at the left. The area A is 
~ark and ra.p,B is dull, C is bright and at D thPre 
IS no deposit •rt is very thin. The lines fro.111 the 
top to the Lotamr. of the plate marking the zones be-
tween A and ~md between B and C curve toward 
the low cum:nt~sitJ end. This is caused by inter· 
ruptioti of the flow of solution along the cathode L.y 
1he bottom of the cell, but it does not interfere with 
interpretation of the results. A good scheme for Phow-
ing typical results is to sketch the appearance of only 
the part of the plate observed between the dotted lines . 
A notebook entry would then appear as in Figure 4. 
If the purpose of the test is to evaluate the cficct of 
addition agent concentration in a new bath, the total 
currP.nt used should be that which will give ~he widest 
possible bright range. For instance, the plates shown 
in Figure 5 might be obtained for a total current of 
1, 2 and 3 amperes. 
It is seen that as the total current is increased the 
~··· ... 
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.ol inches per second, temp. 
75-85° c. 
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Fig. 14. Acid lead (fluo-
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Fig. 16. Bright nickel 
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tem o 40-45 ° C. 
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DIRECTIONS FOR HULL CELL PLATING TESTS 
The Hull Cell (U.S. Patent 2,149,344) is a 
miniature plating unit designed to produce a cath-
ode deposit that records the character of electro-
plate obtained at all current densities within the 
operating range. The character of deposit so made 
is dependent upon the condition of the plating bath 
with respect to the primary components, addition 
agents, and impurities. The :{-foll Cell enables the 
experienced operator to determine the following 
facts regarding plating baths: 
1. The approximate limits of bright density range. 
This is accomplished by comparison of bright 
plated areas on the panel with the current den-
sities given in the chart. Thus, if the bright 
or operable range is between 1 ~ inches and 
2 ¥.? inches as measured from the left side of 
the plate, and the total current applied is 
3 amps., the corresponding respective current 
densities from the curve are 70 amps./sq. ft. 
and 25 amps./sq. ft. Since these values repre-
sent extreme limits, it does not follow that 
either of these current densities can be used 
in a plating bath without obtaining poor areas 
of deposit, but some intermediate current den-
sity such as 50 amps./sq. ft. should work best. 
As a general rule, the acid or non-cy~nide 
baths should show bright or otherwise accept-
able ranges from the low to high current den-
sity end of the plate over at least three-fourths 
of the cathode plate, alkaline or cyani®-baths 
over at least one-half of the catiiOc1e plate, 
and baths for barrel platmg over at least the 
lower one-third of the plate. 
The approximate concentrations of the primary 
constitutents, such as cadmium content! so-
dium cyanide content, nickel metal content, 
'ere:-·Geiierally, the higher the me 
of a oa , e ig er ut not necessarily 
wider}-is-the operable bright current density 
range. The voltage across the cell also indi-
cates the bath composition, i.e., cyanide in 
cadmium, or impurities and trivalent chromium 
in chromium. 
3. Addition agent concentration. Although a few 
addition agents can be determined by analysis, 
usually the Hull Cell provides the only satis-
factory means for controlling the addition of 
these highly important materials, provided 
they exercise a visible effect upon deposits. 
4. Metallic or organic impurities. Foreign metals 
or other harmful impurities in a plating bath 
exercise a definite effect on the appearance of 
the Hull Cell deposit, and their presence or 
absence can be established without difficulty. 
5. The Hull Cell is also an indispensible instru-
ment for experimental plating investigations 
such · as addition agents, "covering power" or 
the lowest current density at which a deposit 
is produced, average cathode efficiency, aver-
age metal distribution or throwing power, and 
effects of pH, temperature, and decomposition 
products. The clear lucite Hull Cell enables 
the operator to observe the plating on the back 
of the panel to determine relative covering 
power at very low current densities. Clear 
lucite also makes it possible to insure complete 
solution of additions. 
METHOD OF TEST 
1 Before making a Hull Cell plating test, the fol-O\Ving points must be observed. 
l. ~ring the plating bath to be tested to operat-
mg level in the plating tank. 
2. ~ither stir the bath thoroughly or use a samp-
ling tube extending to the bottom of the tank, 
going over the tank uniformly from one end 
to the other. 
3
· Be sure that the sample to be tested is brought 
to and kept at the proper operating tempera-
ture during the test. The best method for test-
ing samples at high temperature is by use of .: 
the Model WT or HT Hull Cell, in which are 
incorporated provisions for heating element 
with thermostat control. 
4. Use a clean Hull Cell and clean cathode. If 
more than one kind of plating bath is to be 
tested regularly, one cell should be used exclu-
sively for each type of bath to avoid contami-
nation of one bath by the other. 
METHOD OF TEST (Continued) 
ce Hull Cell plating tests are not to be re-
·ded as eliminating the necessity for occa-
al chemical analysis, such analysis should 
n made before the plating test so that the 
th sample c:an be a.djusted to th.e optimum 
nposition either pnor to or during the se-
ence of Hull Cell tests. 
e zinc plated steel cathodes provided with 
, set must be stripped of zinc by dipping in 
;01ution of half hydrochloric acid and halL 
ter and cleaned with a wet. clean cloth or 
[rpaper towel, Just before use. Remember 
~ Hull Cell is an actual plating tank and 
properly prepared specimens will not re-
~nd satisfactorialy in the cell, just as in 
iillllercial practice. 
ating times in the Hull Cell should be timed 
actly for duplication of results. These times 
e not all the same and are specified in the 
ction which follows for the different solu-lns. A convenient timer can be supplied as accessory to the Hull Cell Set. 
~e proper volume of sample of plating bath 
267 ml. for the 267 ml. Hull Cell, 534 ml. for 
e 534 ml. Hull Cell or 1000 ml. for the 1000 
L Hull Cell. Two grams addition to 267 ml. 
grams addition to the ·534 ml. or 7.5 grams 
ldition to 1000 ml. Hull Cell is equal to one 
mce per gallon in the plating tank. To test 
riath sample hot, use the Model WT or HT 
Hull Cell. Never put a lucite Hull Cell on a 
hotplate. 
9. The Filtered Output Rectified Model B-267 for 
the 267 ml. Hull Cell or Model B-1000 for the 
1000 ml. Hull Cell is the preferred current 
source. A single-phase rectified without a 
properly designed filter circuit must not be 
used. Two 6-volt storage batteries connected 
in series usually give sufficient voltage for the 
267 ml. Hull Cell but this source is less con-
venient than the rectifier mentioned. 
10. Steel cathodes have a semi-bright and uniform 
surface. Cathodes should be used once and 
filed for future reference and not stripped for 
re-use, to avoid destruction of the surface. 
Experience has shown that poor or non-uniform 
steel surfaces are very misleading in interpre-
tation of results. Replacement cathodes are 
available upon ordey=Irom-.us that duplica.t_e 
tlie original z~lated cathnde plates pro-
vided -Witb the set Polished brass panels are 
a so ava ilable for copper, nickel, and chrome 
plating tests. 
11. Do not make too many tests on one sample 
of plating bath. Generally 6 to 8 plates can be 
made on a single mckel plafang bath sample 
-4Htless the pH is checked after each plate. Here 
the HT 534 is desirable because of the high 
volume-low current ratio. 
12. For conversion - oz./gal, x 6.25 = lb./100 gal. 
SPECIFIC BATHS 
far the best means of using the Hull Cell 
~ test efficiently is first to determine and 
I the effects of every variation in each type of 
~bath used in production. Thus, if a bright 
.bath is used, each constituent should be 
m turn, and effects noted on the cathode 
it, including nickel content, sulfate content, 
ae content, brightening agents, and the prob-
retal impurities such as copper, lead, zinc, 
f~~onducting such tests, it will be found very 
i"'6eous to make up dilute solutions of 
~ agents so that unit volumes added to the ~ ll Y?lume of 267 ml. are equivalent to 
r abadd1tions to the plating bath. Practically all 
t
g th concentrations are figured or stated in 
Per gallon. 
. For solid chemicals the addition of 2 grams to 
267 ml., 4 grams to 534 ml., and 7.5 grams to 
1000 ml. Hull Cells are equivalent to one (1.0) 
ounce per gallon to the plating tank. Liquid 
chemicals such as brighteners or addition agents are 
normally specified or controlled on the basis of 
liquid ounces per gallon. 
When the concentrated addition agent is a 
liquid, a diluted solution of the concentrate is 
recommended for Hull Cell additions and testing; 
The concentrate should be diluted to a 20% by 
volume solution. The addition of one (1.0) ml. of a 
20% (vol solution 
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SPECIAL PURIFICATION PROCEDURES FOR CYANIDE CADMIUM PLATING SOLUTIONS 
On frequent occasions, a cadmium bath may become contaminated with materials 
which can be removed or rendered inert by simple additions to the bath of a 
sulfide or of hydrogen peroxide. 
Many heavy metals,lead in particular, are precipitated with sulfide. In 
some cases a sulfide appears to tie-up or complex some contaminants. A 
normal full addition is one fluid ounce of a liquid sulfide such as Rohco 
Zinc Purifier per 100 gallons of plating solution. 
The need for sulfide is readily checked by an addition to the Hull Cell and 
this should be done prior to any addition to the tank. An overdose can pre-
cipitate cadmium sulfide, which may necessitate a shut down and filtering. 
Another useful purifying agent is 30 or 35% hydrogen peroxide. This can 
oxidize any tin contamination to a much less harmful form. It can also 
oxidize some organic materials to a less harmful form and may eliminate 
a carbon treatment. 
A normal full addition is one quart per 100 gallons of plating solution. 
This will normally cause considerable foaming of the tank, and will inter-
fere with the normal metal distribution while it is working. It is re-
commended that peroxide additions be made prior to an over-night shut down 
or before a week-end. Some brightener may be lost by this treatment. A 
Hull Cell is a good way to determine the effectiveness of a peroxide treat-
ment, and a panel should be run immediately after the addition and the next 
day. An immediate improvement is an indication of tin. 
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How to make up a new bath 
for maximum plating speed, brightness, and economy, the cadmium plating bath should be made up and main-
tained at the proper chemical composition. The range of concentrations given below for the various bath 
constituents will serve as a guide for proper bath maintenance. Modifications in composition may be desirable 
to meet speci_al operating requirements, and the Enthonics Laboratory will be happy to make more specific 
recommendations. 
bath composition 
we recommend ••• 
cadmium metal 
total sod ium cyonide 
caustic sodo 
sodium corbonote 
Enthobrite brightener 
still 
2.2-3.7.S oz./ gol. 
16.0-1 to oz. I gol. 
1.5-3.0 oz./ gol. 
2.0-6.0 oz./ gol. 
barrel 
2.0-2.75 oz./ gal. 
15.0-18.0 oz./ gol. 
3 .0-4..S oz./ gol. 
2.0-6.0oz./gol. 
os recommended 
CADMIUM METAL: The codmium content moy vory quite widely as 
indicated above porticularly in a still both. For maximum throwing 
power, use the lowest cadm ium content and the highest cyanide 
content recommended above. For maximum plating speed, use the 
highest cadmium and sodium cyan ide contents recomme'nded above. 
The max imum allowable current density varies with the cadmium 
content as follows : 
cadmium 
(oz. / gal.I 
2.2 
2.75 
3 .25 
3.75 
max. current density 
lamps/ sq. ft.I 
20 
25 
45 
60 
SODIUM CYANIDE : The sod ium cyanide content is related to the 
cadmium content as indic~ted above under "Codmium Metal ." Also, 
at high bath temperotures a higher · cyanide con tent will give more 
un iform results. 
CAUSTIC SODA : The caustic sodo con tent is very importont to bath 
stabil ity ond performance. When odditions are requ ired, as deter-
mined by analysis, they should be made at the rate of no more 
thon 0.5 oz./ gal. per 16 hours of aperotion . 
SODIUM CARBONATE: The sodium corbonate content builds up 
slowly in o cadmium ploting bath due to decomposition of sod ium 
cyanide. Above 8 oz./ gal. it limits the maximum current density 
which con be used without " burn ing." Sodium carbonote can be 
removed by freezing it out at 25-30° F and decanting the clear 
solution. 
OPERATING CONDITIONS: 
temperature 
current density 
volts 
still 
75-105°F 
5-70 amps/ sq . ft. 
3 -6 
barrel 
75-95°F 
3- 10 amps/ sq. ft. 
9-15 
new solution 
to prepare ••• 
a new cadmium plating bath, the following chemicals are required 
for each 100 gallons of solution: 
cadmium oxide 
sodium Q(anide 
caustic soda 
Enthobrite brightenet' 
still 
20 lbs. 
112 lbs. 
barrel 
17 lbs. 
110 lbs. 
B lbs. 
as recommended 
These amounts will give bath compositions opproximately in the 
middle of the ranges listed under " Both Composition." 
MAKE-UP PROCEDURE: 
1. Fill tank 'h to 'n full of water at room temperature. 
2. Add the sodium cyanide, stirring until dissolved. 
3 . Make o slurry of the cadmium oxide in plain water 
contained in a separate pail or drum. 
4. · Slowly add the slurry of cadmium oxide to the tank while 
stirring. Continue to stir until all the cadmium oxide hos 
dissolved. 
5. (For borrel plating only) Add the caustic soda, stirring 
until dissolved. 
6. Add the required amount of the appropriote Enthobrile 
brightener. 
7. Bring the both volume up to operating level with cold 
waler. 
8. Plating may be storied al th is time providing the 
temperature of the bath is not over 95° F. 
NOTE: A ftocculent precip itate may be formed in moking 
up the bath and is due to the hardness of the wate r. This 
precipitate is not detrime ntal in barrel plating, but may 
cause temporary roughness in still plating. It may be 
removed by flltrotion . 
ENTHOBRITE CADMIUM CONCENTRATE - a more convenient way 
to make up a new cadmium p lating bath is lo use Enlhobrite Cod-
mium Concentrote, o purified and filtered concentroted codmium 
solution containing approximately ten t imes the amount of cadm ium 
required per gallon in a plating both . Eliminates the need for 
dissolving cadmium oxide. Doto sheets ore ovailoble from Enthone. 
•caustic soda is formed wh..,, cadmium oxide is added to sodium 
cyan ide, and no additional caustic soda is required to make up a 
still bath . Add itional caustic soda is added lo barrel boths to g ive 
higher conductivity and maximum productivity. 
~h·zn~..f ..... r ... ~ ~ • • 
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Enthobrlte ® CAD·904 
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Liquid cadmium brightener 
for rack and barrel plating 
BENEFITS OF USING ENTHOBRITE CAD-904 
Properties 
he Enthobrite CAD-904 process is alkaline. 
an be used in both rack and barrel plating baths. 
ompatible with most other cadmium plating 
righteners. 
r ed in low concentrations. 
mproves the covering and throwing power of the 
Gating bath. 
lrightener is consumed only during plating. 
Enthobrite ' CAD-904 is a liquid cadmium 
rightener designed for addition to both rack and 
rrel plating baths to produce brilliant cadmium 
.eposits at minimum cost. 
The Enthobrite CAD-904 process produces ~iform, 
mooth deposits over a wide range of current densi-
'es and improves both the covering and throwing 
>ower of the cadmium plating solution. Cadmium 
eposits produced by the Enthobrite CAD-904 process 
re ideal for subsequent chromate conversion coatings. 
For complete information on cadmium plating, 
eluding bath make-up, troubleshooting techniques, 
lnd analytical control procedures, consult the Enthone 
lletin entitled "How to Cadmium Plate," which is 
available from your Enthone representative. 
. The Enthobrite CAD-904 process utilizes two 
hquid materials: Enthobrite CAD-904M for make-up 
Pnly and Enthobrite CAD-904R for both make-up and 
replenishment. Enthobrite CAD-904M is available 
in °ne quart (0. 95 litre) containers ; Enthobrite 
CAD-904R is available in 5 gallon (19 litre) containers. 
80 
Benefits 
No corrosive acid fumes. 
Reduces the number of materials to be 
stocked and handled. Saves storage space. 
Conversion of existing baths is simplified. 
Economical to use. 
Reduces both the plating time and the overall 
thickness of cadmium required to obtain adequate 
coverage of recessed area s . 
No need to make additions of brightener after the 
bath has been idle for a few days. 
HOW TO USE ENTHOBRITE CAD-904 
OPERA TING CONDITIONS 
Concentration 
Make-up 2 pints of Enthobrite CAD-
904M and 3i pints * of 
Enthobrite CAD-904R per 
100 gallons of plating s o lu-
tion (250 ml of CAD-904M 
and 437 ml of CAD- 9 04R 
per 100 litres) 
Replenishment Under normal operating 
conditions, about one pint * 
of Enthobrite CAD-904R 
for each 25 lb. of sodium 
cyanide consumed during 
operation (1 litre/24 kg) 
*Diluted 1:3 with water before adding. 
- ~leaners -alk~line,_ spray .wash, solvent & emulsion • Acid salt activators • Brighteners • 
- ... __ _ ... __ _ _ ..._ - '-- - '. --1- - All . -.1 ; __ ...!- .. • • -•-..,... 
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ScotcH 
l!IRAND 
10. 470 ELECTROPLATING TAPE 
product 
information 
NO. 470 
JESCRIPTION: A yellow colored vinyl plastic tape with excellent resistance to most 
chemicals used in electroplating. Highly conformable, abrasion 
resistant. 
:ONSTRUCTION: 
Backing: 
Adhesive: 
Color: 
Transparent vinyl plastic 
Translucent, synthetic rubber 
Yellow 
~VERAGE PHYSICAL PROPERTIES: (Fed. Std. 147) Not Recommended for Specification Purposes 
Adhesion to Steel: 
Tensile Strength: 
Total Thickness: 
45 oz.fin. width (49 Nfl00111T1) 
20 lbs.fin. width (350 NflOO~m) 
7 mils (.18mm) 
Elongation at Break: 225% 
GENERAL INFORMATION: 
1. Excellent resistance to most chemicals used in electroplating operations. 
2. Backing is highly conformable. Tape #470 is used extensively for wrapping and 
patching coated racks, masking irregular surfaces and on compound curves. 
3. Rugged backing offers necessary abrasion resistance to protect parts during 
rough handling. 
4. Prolonged exposure to elevated temperatures (above 170°F [77°C]) and hot 
caustics may cause weakening of adhesive bond. 
5. Meets Federal Specification HH-T-0025 (GSA-FSS). 
IMPORTANT NOTICE TO PURCHASER: Tapes identified with a " Y" 
number are not standard, and, therefore, may be subject to modification , 
production l im i tations or cancellation by the manufacturer. 
All statements , technical information and recommendations contained 
herein are based on tests we believe to be reliable, but the accuracy or 
c.ompleteness thereof is not guaranteed, and the iollowing is made in 
lieu of all warranties , express or implied: Seller's and manufacturer's 
P-GD-470 ( 1 /76) 
only obligation shall be to replace such quantity of the product proved 
to be defective . Neither seller nor manufacturer shall be liable for any 
in jury, loss or damage , direct or consequential, arising out of the use 
of or the inability to use the product. Before using, user shall determ ine 
the sui tab ility of the product for his intended use , and user assumes all 
risk and liabi l i ty whatsoever in connection therewi th . No statement or 
recommendation not contained herein shall have any force or effect un-
less in an agreement signed by officers of seller and manufacturer. 
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PLATING CALCULATIONS 
FERROVAC-E SAMPLE CADMIUM 
Thickness 0 . 20" Atomic No. = 48 
Area (one side) l.Oin2 = 6 . 452cm2 Atomic Wt . = 112. 41 BE! 
Mole 
Density 8 . 65 &!!! 
cm3 
Valence = +2 
USEFUL RELATIONSHIPS 
1 Coul = 1 AMP- SEC (definition) 
Avogadro's#= 6.02 x 1023 atoms/mole 
1 Electron (charge = 1. 602 x lo- 19 coul 
DESIRED PLATING THICKNESS - 0.0002 n = 0.000508cm 
Volume of Plating= (6 . 452 cm2) (0 . 000.508cm) = 0.00328cm3 
WEIGHT OF PLATING= (0.00328c~) (8 . 65 BE!~ = 0.0284gm 
cm 
# OF MOLES 0.0284gm 
= 2 . 522· x lo-4 Moles 
112.41 gm/Mole 
TOTAL CHARGE REQUIRED TO PLATE 0.0284 gm OF CADMIUM OUT OF 
THE CYANIDE BATH 
= (2 . 522 x lo-4 moles) (6.023 x 1023 atoms) (Zelectrons) X 
moles atom 
(1. 602 x 10- 19 _c_ou_l _ ) 
electron 
= 48.68 coul = 48.68 AMP-SEC 
USE ASF = 4 48. 68 AMPS - SEC (144IN~11 (IN2)::; 1752. 5 SEC 
4 AMPS/TI'2 FT 
PLATING CURRENT = 2 7. 7 8 mA PLATING TIME = 2 9 MIN 12 . 5 SEC 
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